ABSTRACT: Pedologic alterations after long-term sugar cane (Saccharum officinarum) cropping cycles under traditional soil management systems were studied on a farm in Bariri, SP, Brazil. A toposequence was established to evaluate the effects of the soil position in the relief in changing soil physical attributes. Morphological field descriptions and laboratory analyses were carried out on vertical profiles of the upper, middle and lower thirds of a Typic Haplorthox slope. Soil bulk density and macroporosity changed along the toposequence reflecting on soil hydrodynamics, especially in the lower slope parts. At sites with high clay levels, empty spaces were filled forming block shaped structures together with the micro-aggregate structure. The intensive cultivation induced the greatest soil structure alterations, even at the deepest layers. The study pointed out the importance of performing detailed morphological observations in vertical profiles, due to the great variation on pedological attributes over short distances. Compacted soil sections were observed sideby-side with desaggregated mottles in the same soil profile. This fact evidenced that both vertical (in each profile) and horizontal gradients (along a toposequence) need to be considered in studies of time sequence variation of pedological parameters. Key words: soil management, toposequence, aggregates, soil micromorphology.
INTRODUCTION
The search for agro-socioeconomical sustainability and new production system paradigms are the greatest challenges of modern agriculture, which envolves among other technological practices, an adequate soil management.
The deep clayey well-structured soils, under smooth relief, found at the central region of the State of São Paulo, favored the use of intensive soil management practices. As agriculture expanded, these same practices were incorporated to medium textured soils, leading to severe soil degradation processes after a period of time that are now requiring a great deal of efforts and inputs to revert the situation and attain soil recovery for a desirable productivity. The damaging effects resulted from inadequate soil resource management can be clearly observed along a toposequence. The reduced water infiltration rate due to a soil macroporosity decrease induces the superficial water run off and fine particles dragging from upper to lower slope positions (Cintra et al., 1983; Centurion & Demattê, 1985) . The intensive soil use under traditional management resulted in unfavorable physical effects on soil quality, evidencing the need for a new philosophy in relation to soil management practices (Tavares Filho et al., 1999) . Thus, there is a great concern not only on the amount of nutrients to be added but also on the bulk soil physical conditions in which rooting systems are to develop (Hénin et al., 1960) .
This research aimed at identifying changes in physical attributes of a Typic Haplorthox located along a toposequence, cultivated with sugarcane under a traditional soil management system and evaluating the relief slope effect on these attributes.
MATERIAL AND METHODS
This study was carried out in an agricultural area of Bariri, located in the central region of the State of São Paulo, Brasil, which is part of the Ocidental Planalt Geomorphological Province, geographically located at 22º04'S and 48º42'W. The area was deforested during the 1930 decade, when a coffee plantation was introduced. This crop was substituted by sugarcane in 1978, which was eversince grown under the same traditional soil management system. The region shows a plainy to smoothly waved relief and the studied area corresponds to a 4% convex slope 2,000 m long.
According to the Köppen's classification, the climate is Cwa, characterized as a tropical humid, with a dry winter and average monthly temperature ranging from 18ºC to 22ºC; rainfall during the driest month is around 30 mm and the pluviometric index ranges between 1,100 and 1,700 mm. The dry season extends from April to September and heavy rainfall predominates from January to February. The native vegetation of the region corresponds to large isolated residual patches of the tropical latifoliate forest.
The soil was classified as Typic Haplorthox and, lithologically, the parent materials are derived from the Bauru Group rocks, overlaying basaltic rocks and their derivations (IPT, 1981) .
Soil samples were collected in 1999 in a threeyear-old sugarcane crop, along a toposequence, where the slope was separated in upper, medium and lower thirds. The sampling points were determined after soil morphological analyses, when the following soil profile characteristics were identified: a superficial layer (0.1-0.2 m) with continuous soil mobilization; a subsuperficial layer (0.2-0.3 m) that better reflects the effects of anthropic action; and a deeper layer (0.6-0.7 m), practically not affected by sugarcane management practices.
Samples were submitted to granulometric and aggregate stability analyses, according to EMBRAPA (1979) . Soil porosity and density were determined on samples collected by volumetric rings. Some soil horizons were individually sampled for micromorphological analysis, particularly in places where soil structure damage by soil management was evident in comparison to deeper intact layers. In this case, intact samples were collected in Kubiena boxes, impregnated with a mixture of orthoftalic resine T208, styrene monomer (diluent) and butanox (catalizer) and after, dissecated and sectioned in thin layers to be investigated by petrographic microscopy (Bullock et al., 1985; Castro, 1989) .
Water infiltration tests were performed in the three parts of the slope using a constant charge permeameter, model IAC (Bertolani, 1998) , modified from the Permeameter of Guelf developed by Reynolds & Elrick, (1985) . The readings were made using 6 cmwater column hydraulic charges until constant values.
The analysis of aggregate distribution and stability in different particle-size classes was performed according procedure proposed by EMBRAPA (1979) : the soil sample is disposed over a kit of several sieves adapted to a device (Yoder, 1936) that promotes a vertical oscillation at 40 rpm within a recipient filled with water, during 30 minutes, resulting aggregates with diameters ranging from 6.35 to 2.00 mm; 2.00 to 1.00 mm; 1.00 to 0.50 mm; 0.50 to 0.250 mm and 0.250 to 0.125 mm. The ponderal median diameters (PMD) were calculated according to KIEHL (1979) .
Soil macroporosity and soil density data were submitted to analysis of variance in a completely randomized design with 10 replications. The samples were collected between rows, within a minimum distance of 25 m, and were statistically evaluated by paired mean contrasts using the Student t test (P < 0.05).
RESULTS AND DISCUSSION

Morphology and granulometry
Soil profile morphological descriptions along the selected toposequences evidenced finer texture classes in the lower third of the slope, which should be due to possible lateral clay translocation along the hillside (Soares, 2001) .
Dark-reddish brown (2.5YR 3/4 wet) was the predominant soil color, except for B1, B2 and Bw in profile 1, and Bw1 in profile 2 that were dark red (2.5YR 3/6 wet). The dark red color in deeper layers is due to a more intense iron oxide influence from basaltic alterations which were similar to the Bw soils studied by Cooper (1999) Fine particle translocation from higher positions in the slope, favoring clay re-orientation, is compatible with the weak clay-film (or clay-coat) attribute in latossolic to textural transition horizons, inferring that these are transitional soils (Bw/Bt) in the lower relief positions. The presence of microaggretates is common, in this position which in accordance to Sánches (1981) , is favored by iron oxides, thus forming grains of the same size of sand, which might cause relatively high values in the sand fraction or pseudo-sand particles (Espindola & Galhego, 1981) .
Soils from the higher positions had a more expressive sandy texture, with granular structure and loose grains at the surface, laid on a block structure with compacted layers, resistant to root penetration, which is visible through morphological and micromorphological analysis. The amount of washed sand observed in the Ap horizon might be due to a residual quartz grain due to downward clay movement, enhanced by frequent soil mobilization. High levels of natural clay or water-dispersed clay are suggestive of possible colloid mobility (Table 2) Porosity was an attribute extremely reduced in compacted blocks; however, it was high in sub-adjacent horizons, with presence of galleries and macropores in sub-surface horizons. There are thin and medium roots along all profiles, even in virtually compacted layers, with large roots, presenting a tendency of horizontal growth, as well as along the weakness planes and cracks among blocks. Similar observations were made by Lima (1995) , studying modifications in Oxisols attributes, cultivated with sugarcane in the State of São Paulo. Granulometric analysis revealed an abrupt change in clay levels from A to B layers in soils at lower position. In this way, along the slope clay content increased downwards, moving from sandy-loam (layers Ap and BA in the upper profile) to sandy-clay-loam in the other profiles, except for the horizons Bt and Bw from the lower third profile, which presented sandy-clay texture.
Aggregate stability in water
The aggregates or secondary particles are sand, silt and clay particles from the mineral fraction grouped with organic matter (the humificated fraction) under the influence of iron oxides as cementing agent (Harris et al., 1966; Guerif, 1986) .
In the superficial layers, agricultural soil management effects might be related to the macroestructure decay favoring smaller diameter (< 2 mm) aggregates (Aina, 1979) . Under these conditions, pulverization of soil constituents may occur, accompanied by the reduction in organic matter and consequent formation of larger diameter aggregates (Russel & Russel, 1961) . There was a considerable decrease in soil aggregate stability under intensive cultivation. To exemplify this fact, at the soil surface only 7.5%, 3.6% and 11.7% of larger than 2 mmaggregates in were found the upper, medium and lower layers respectively (Table 3) .
More than 80% of the aggregates was comprised in the median diameter (< 1.00 mm). The aggregate accumulation in classes lower than 1.00 mm in diameter occur in cultivated land because they are more stable under fast wetting and are not destroyed by well conducted agricultural practices (Tisdal & Oades, 1982) .
In the upper third slope, the continuous soil usage caused favorable conditions to <1.00 mm-aggregate formation, which were little affected by management actions. Clay contents in these soils were higher than those found by Soares & Espindola (2001) in a neighbour area under native forest. Even though in the surface layer of soils under forest the PMD was clearly higher, around 3.4 mm, while in the present soil it was 0.55 mm, with less than 20% of <1.00 mm-diameter aggregates in the soil under forest. This value reached almost 80% in cultivated areas, which evidence the relevance of organic matter on aggregate size and stability. Large reduction in aggregate size and stability is observed when native forest is substituted by cultivated land.
The most expressive PMD values were observed in the lower third slope, under relief conditions that favored a more clayey environment. The resistence to external applied forces is dependent upon the organization of elemental constituents as clay and iron oxides (Guerif, 1986) . In general, soils presented aggregation indexes (PMD) higher than 0.5 mm, which, as stated by Kiehl (1979) are relatively more resistent to brittling and dispersion, thus, less susceptible to pedologycal attribute alterations when submitted to agricultural management. 
Soil porosity and density
Soil bulk porosity had a lower average in the upper third slope, clearly associated to a more sandy texture. The micropore volume was also smaller as a consequence of weak soil structure in this landscape (Table 4) . Higher values were observed in deeper layers and in lower slope positions corresponding to 0.50 m 3 m -3 . In these layers, average microporosity increased, indicating a higher proximity among primary and secondary particles, favored in clayey environments.
The agricultural machinery traffic caused modifications in aggregate size, which is intimately related to the small to large pore ratio (Silva & Mielniczuk, 1998) . In the surface layers, average macroporosity was not different (P < 0.05) among relief positions. The same occurred for soil density, which might be due to intensive management practices in the sugarcane crop, making the soil upper layers more uniform (Lucarelli, 1997) . In the soil sub-surface, macroporosity was higher in more sandy areas (0.138 m 3 m -3 ) revealing sand fraction importance to this attribute (Table 5 ). The smaller values were found in the slope medium third (0.100 m 3 m -3 ), which was considered by Vomocil & Flocker (1966) as a critical limit to sustain satisfactory production conditions. Table 4 -Soil porosity in a sugarcane area (ten replicate averages).
*BPd -Bulk porosity, Mp -Macroporosity and mp -Microporosity. Table 5 -Soil macroporosity and density in relation to relief position in a sugarcane area*.
*Means followed by the same letters do not differ by t test (P < 0.05).
In the deeper and more clayey soil layers there was a macroporosity difference (P < 0.05) along the toposequence, with higher values in the lower third slope (0.159 m 3 m -3 ), corresponding to lower soil density values (1.288 kg dm -3 ) and higher aggregate stability.
Water infiltration in the soil
The water infiltration rate in the soil is the major pedological attribute to detect soil alterations due to cultivation (Cintra et al., 1983) , which is here confirmed, since the infiltration rate was affected by the relief position and agricultural practices (Table 6) .
Water infiltration rate in the surface layer (0 -0.1 m) in the medium third slope was 3.5 mm min -1 (Table 6 ). This low rate might be attributed to soil structure degradation as a consequence of soil compactation by intense sugarcane agricultural practices. In a similar soil type and relief, but under citrus exploitation, which is a less demanding species, Soares (2001) found water infiltration rates of 21.2 mm min -1 . In the present research, values of 13.25 mm mm -1 were found in the surface layer in the upper third slope, due to sandy texture in this relief position.
In the 0.2 to 0.3m-depth layer smaller water infiltration rates were observed, with average values of 3.5 mm min -1 , while in a neighboring area under native forest, Soares & Espindola (2001) found 58 mm min -1 . This low value might be explained by the intensive sugarcane machinery use, with frequent surface soil revolving, thus reducing sub-surface macroporosity. Another fact to be taken into account is the organic matter reduction endangering soil aggregation and increasing filling up of empty spaces with water dispersed clay from higher relief positions.
Profile evaluation at 0.6 to 0.7 m depth presented higher average values of water infiltration with a downward decrease tendency, probably due to the small effect of cultural practices and to higher clay content in deeper layers, which might explain aggregate resistence to applied external forces (Guerif, 1986) . Clay content facilitates the unitary particle aggregation which, according to Dexter (1988) is the upmost factor in soil structure stabilization.
The lower water infiltration rates in lower density soil sites and higher macroporosity are due to nonconnected pores with low pedality, which difficults water infiltration. This situation is explained by micromorphological analysis that also identified a transition Bw/ Bt (Table 7) .
Micromorphological observations
Thin layer microscope observations revealed alterations in porous space geometry, due to agricultural practices, negatively affecting agricultural land. The natu- Table 6 -Water infiltration in a sugarcane soil field determined through the Guelph permeameter (hydraulic pressure of 6 cm). rally constituted pedological structures and those modifications due to agricultural management are presented in Table 7 .
The compactation defined in the morphological subsurface field analysis was confirmed by the microaggregate proximity, with craking and decreased porosity, giving rise to planar pores (Figures 2 and 4) , which explain the great water infiltration rate reduction (Lima, 1995) . Some soil resistence was also observed altering its structure, the probable cause being related to the mineralogical composition (presence of iron oxides) favoring higher resistance mainly of small aggregates (diameter < 250 (m) Tisdal & Oades (1980) .
A macroporosity decrease was also observed in the subsurface horizon due to alteration in pore cavities caused by intense agricultural use, since in deeper layers these effects are rarely noticed. The crushing and the filling of empty spaces originated cracked forms and a block structure in an originally microaggregate site. Micropores of the neighbor soil under forest are irregular and interconnected (Soares & Espindola, 2001) ; those seen in this research were probably also similar before agricultural use, being, now planar and disconnected.
Comparing soil photomicrographs of several relief positions, a higher clay concentration is confirmed in the lower slope positions, with well-defined attributes in the chromas of deeper layers, clay illuviation being also evident ( Figure 3) and Bw/Bt transition in the toposequence basis ( Figure 5 ). The original soil structure was modified where anthropic action was stronger, resulting blocks and prisms along with a porphyric matrix background ( Figures  2 and 4) .
Micromorphological analysis allowed the evaluation of the magnitude of the subsurface compactation; these observations evidenced that macroporosity decreases neither represented a strong restriction to root growth nor to microbiological activities. Compactation did not affect the micropore environment and isolated macropores might guarantee soil soluction flow (Figure 1 ). 
CONCLUSIONS
Porosity was low in soil subsurface and high in subjacent horizons, presenting biological galleries and isolated macropores; compacted horizons showed granular structure sites.
The intense machinery traffic reduced the subsurface water infiltration capacity. Higher values were found in more stable structure positions with higher clay contents.
The tradicional surgacane management caused aggregate size modifications, with an increase in of micro/macropore ratio.
Physical attribute alterations were more evident at soil surface, at higher relief positions, where cementing material mobilization to lower positions was observed, decreasing aggregate stability.
